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Introduction 
Hydraulic systems involving cavi ta t ing  turbomach- 
ines are  known t o  be susceptible t o  i n s t a b i l i t i e s  a t  
ce r t a in  c r i t i c a l  operating conditions. Two d i s t i n c t  
classes of cavi ta t ing  inducer i n s t a b i l i t i e s  have been 
reported i n  the l i t e r a t u r e  (Refs. 1-6). The purpose 
of t h i s  note i s  t o  report  on some preliminary observa- 
t ions  of these phenomena. 
The experiments were performed i n  the  Dynamic 
Pump Test F a c i l i t y  (DPTF) a t  the California I n s t i t u t e  
of Technology (Refs. 7,8). Results w i l l  be presented 
f o r  two d i f f e ren t  inducers operating a t  d i f f e ren t  flow 
coeff ic ients ,  Q (q)=mean a x i a l  velocity/ inducer t i p  
ve loci ty  - Ua/UTip and cavi ta t ion  numbers, 6 (0 = 
(p -p )&puTip2; where p l ,  p a r e  the i n l e t  and vapor 1 v v 
pressures, and P i s  the l iquid  density) .  I n  general, 
the  i n s t a b i l i t i e s  occurred ju s t  before head breakdown. 
After  head breakdown, the system tended t o  become 
s t ab le  again, although there  were some indications of 
a second region of i n s t a b i l i t y  a t  very small cavi ta t ion  
numbers. 
Impeller I V  is  a quarter  sca le  model of the Low 
Pressure Oxidizer Turbo-Pump (LPOTP) of the space shut- 
t l e  main engine (Refs. 7,8). The cavi ta t ion  perform- 
ance of t h i s  impeller i s  presented i n  Figure 1 .  Some 
of the mean operating s t a t e s  f o r  which large ,  constant 
amplitude osc i l l a t ions  occurred i n  a l l  the pressures 
and mass flow r a t e s  a re  indicated by s t a r s .  The cavi- 
t a t ion  i n  each of the  blade passages osc i l l a t ed  i n  uni- 
son. This unstablebehavior i s  termed atuo-oscil lat ion.  
The frequency of the  auto-osc i l la t ions  ranged from 28 
t o  35Hz. Asmightbeexpected, theredoes exis tamargin-  
a1  region of operation forwhichtheauto-oscillations 
have a timevarying amplitude. These non-steady osc i l -  
la t ions  occurred as  sporadic burs ts  of auto-oscil la-  
t ion.  It was t h i s  fea ture  tha t  makes the boundaries 
of the auto-osc i l la t ion  region d i f f i c u l t  t o  define. 
In  addit ion t o  the auto-osc i l la t ion  observations 
on Impeller I V ,  two instances of " ro ta t ing  cavitat ion" 
were observed and a re  labeled by boxes i n  Figure 1. 
The presence of ro ta t ing  cavi ta t ion  was determined by 
means of a stroboscope slaved t o  the ro t a t iona l  speed 
of the inducer. Rotating cavi ta t ion  appearedas anon- 
s ta t ionary  cavi ta t ion  pat terns  which rotated with res-  
pect t o  the "fixed" inducer. (More recent  t e s t ing  has 
a l so  revealed the existence of a s t a t iona ry  form of 
ro ta t ing  cavi ta t ion  sometimes refer red  t o  as  a l t e rna te  
blade cavitat ion.)  The large amplitude disturbances 
i n  the upstream pressure and mass flow ra t e s  which 
characterized auto-osc i l la t ion  were G o b s e r v e d d u r i n g  
ro ta t ing  cavitat ion.  This suggests the ro ta t ing  cav- 
i t a t i o n  i s  most int imately associated with the dynamic 
charac ter i s t ics  of the cavi ta t ing  inducer i t s e l f  ir- 
respective of the  hydraulic sys teminwhichi t  resides.  
System Effec ts  on Auto-Oscillation 
Before proceeding with the r e s u l t s  f o r  the  second 
impeller, it i s  necessary t o  discuss the unsteady, dy- 
namic cha rac t e r i s t i c s  of the  hydraulic system. I n  the 
context of a l i nea r  lumped parameter model, the 
cha rac t e r i s t i c s  of the upstream and downstream por- 
t ions  of the system can be though of i n  terms of an 
impedance (see Figure 3).  These complex, frequency 
dependent system impedances were determined experi- 
mentally from measurements of the f luc tuat ing  mass flow 
r a t e s  and pressure differences by external  exci ta t ion  
of the  system over a range of frequencies from 0 t o  
50 Hz. As one fami l iar  example, an increase i n  the 
flow coe f f i c i en t ,  accomplished by opening a t h r o t t l e  
valve i n  the discharge l i ne ,  resul ted  in a decrease in  
the r e a l  or r e s i s t i v e  par t  of the  downstream system 
impedance. During tes t ing  on Impeller I V ,  it was ob- 
served tha t  the  time varying osc i l l a t ions  could be sup- 
pressed by red i s t r ibu t ing the to t a lhydrau l i c sys t e rn re -  
s i s tance  f r o m t h e d o w n s t r e a m t o t h e u p s t r e a m p o r t i o n o f  the 
c i r c u i t .  this indicate sthatauto-oscillationis depen- 
dent upon and qui te  s ens i t i ve  t o  the dynamic character-  
i s t i c s  of the e n t i r e  hydraulic system. 
The second impeller tes ted ,  Impeller V, i s  a t h r e e  
bladed, h e l i c a l  inducer (Refs. 7 ,8) .  During cavi-  
t a t ion  performance tes t ing  of t h i s  inducer, both t h e  
constant amplitude and the sporadic types of auto-osc- 
i l l a t i o n  were encountered. Two cavi ta t ion  numbers 
(6= 0.045 and 6= 0.018) a t  which the auto-osc i l la t ion  
was readi ly  repeatable were selected and the behavior 
as the flow coeff ic ient  was changed i s  presented i n  
Figure 2.  
A t  t hecav i t a t ion  number of 0.045, the  cav i t a t ion  
i n  the inducerwas extensivebut breakdown had not  been 
reached. T h e d a t a t a k e n a t t h i s  cavitat ionnumberindica- 
ted tha t  anincrease  i n  thedownstreamsystemimpedance 
resul ted  i n  a t r ans i t i on  from the  constant amplitude t o  
the  time varying amplitude form of auto-osc i l la t ion .  
As the flow coeff ic ient  was decreased from 0.097 t o  
0.086,the frequency of the continuous auto-osc i l la t ion  
decreased from 31 t o  24 Hz. Simultaneously, the  magni- 
tude of the downstream pressure f luctuations decreased 
by a f ac to r  of about 2. For flow coeff ic ients  l e s s  
than 0.086, the  auto-osc i l la t ion  was characterized by 
a l te rnat ing  periods of larger and smaller amplitudes. 
The frequency of the  osc i l l a t ion  remained r e l a t i v e l y  
constant a t  25 Hz. The downstream pressure f luc tuat ion  
amplitude was approximately an order of magnitude smal- 
l e r  than those before t rans i t ion .  It was a lso  observed 
tha t  the osc i l l a t ions  i n  the cavi ta t ing  backflow were 
more pronounced under these conditions. 
A t  the cavi ta t ion  number of 0.018, photographs of 
Impeller V indicated tha t  the inducer was operating 
well  i n to  breakdown. The observed i n s t a b i l i t y  was of 
the constant amplitude type s imi lar  t o  tha t  a t  the 
cavi ta t ion  number of 0.045. The frequency of the osc- 
i l l a t i o n s  was 15 Hz. There were v i r t u a l l y  no f luc tu-  
a t ions  i n  the upstream pressure, whereas themagnitude 
of the downstream pressure f luc tuat ion  was comparable 
t o  tha t  a t  the higher cavi ta t ion  number. 
Another parameter of i n t e re s t  was the  e f f ec t  of  
var ia t ions  i n  the a i r  bladder volume. An a i r  bladder 
was used i n  the  DPTF t o  i s o l a t e  the upstream and down- 
stream port ions of the  closed system, and it acted 
dynamically as  a capacitor  t o  ground (see Figure 3 ) .  
It was observed tha t  the frequency of the auto 
o s c i l l a t i o n  and the amplitude of t h e  pressure and mass 
flow r a t e s  remained constant  f o r  a l l  bladder  volumes o r  
compliances. The importance of t h i s  r e s u l t  willbecome 
apparent i n  t he  d i scuss ion  t o  follow. 
An addi t iona l  s e t  of experiments demonstratedthat  
t he  frequence, fl, of the  au to -o sc i l l a t i on  sca led  wi th  
the  r o t a t i o n a l  speed ,for t he  inducer. I n  o the r  words, 
the  dimensionless frdquency, 0, defined by o = A H / U ~ ~ ~  
(H=blade t i p  spacing) remained constant  and t h e  ro ta -  
t i o n a l  speed was varied. It was a l s o  noted t h a t  t h e  
amplitude of t h e  downstream pressure f l uc tua t i ons  de- 
creased monotonically a s  t he  r o t a t i o n a l  speed was r e -  
duced. 
Discussion 
The dynamic c h a r a c t e r i s t i c s  of b o t h t h e c a v i t a t i n g  
inducer  and the  hydrau l ic  system have been combined i n  
a l i n e a r  s t a b i l i t y  ana lys i s .  Small amplitude, l i n e a r  
dynamic behavior of the  inducer can be represented by 
a t r a n s f e r  functionwhich r e l a t e s  the  f l uc tua t i ng  i n l e t  
t o t a l  pressure,  h l ,  and mass flow r a t e ,  ml, t o  t he  
same quan t i t i e s  a t  discharge,  h2 and m2. The pump 
tran\sfer  func t ion ,  [z], is  defined a s  follows (Refs. 7 ,  
8 ,9,10):  
The t r a n s f e r  func t ion  is nece s sa r i l y  a func t ion  of the  
mean operat ing s t a t e  as we l l  a s  t h e  f requency ,R.  
Figure 3 ind ica tes  t he  model of t he  DPTF used i n  
t h i s  ana lys i s .  I f  t h e c i r c u i t  were b rokena t  t h e  point  
Z and i f  t h e  f l uc tua t i ng  flow r a t e s  m3 and% on e i t h e r  
s i d e  of t h i s  point  X a r e  equated, t h e  t h e  following 
r e l a t i o n  i s  obtained: 
P4, Z21(212-1D)-Z22(1tZl 1 )  
- = 
(Z211U-Z22) + jwCT (2) p3 
where 
I n  o t he r  words, i f  a pressure ampl i f ie r  wi th  a gain 
given by Eqn. (2) was i n se r t ed  a t  t h e  point  X,  t h e  
systemwould be neu t r a l l y  s tab le .  But s i nce  t he  com- 
p l iance ,  C, of t he  a i r  bladder  i s  very l a rge ,  t h e  term 
jLJCT dominates the  r e l a t i o n  (The experimental r e s u l t  
t h a t  the au to -o sc i l l a t i on  phenomena was no t  a f f ec t ed  
by v a r i a t i o n s  i n  t he  compliance of t h e a i r b l a d d e r  con- 
f i rms  t h a t  t h i s  i s  a reasonable approximation.). Then, 
Eqn. (2) requi res  t h a t  T must vanish f o r  t h e  system t o  
be n e u t r a l l y  s t ab l e .  We have evaluated T f o r  a l l  pos- 
s i b l e  combinations of t he  experimental ly determined 
system impedances and experimentally determined t rans-  
f e r  func t ions  of Impellers  I V  and V (Refs. 7 ,8,9) .  An 
example o f  a phase plane p lo t  of T f o r  Impeller  I V  and 
var ious  combinations of system impedances is presented 
i n  F igure  4. I n  t h i s  case ,  t h e  system was s t ab l e .  For 
a given pump t r a n s f e r  func t ion  and system impedances, 
a genera l ized  s t a b i l i t y  margin, P ,  is defined a s  t he  
d i s tance  of  c l o se s t  approach t o  t h e  o r i g i n  i n  t h e  T 
phase plane ( a s  ind ica ted  f o r  the  l i n e  D i n  Fig. 4 ) .  
However, f o r  t h e  given operat ing s t a t e  of t he  t r a n s f e r  
funct ion,  the  pump operates  with a s p e c i f i c  t o t a l  r e s -  
i s t ance  given by 2v/q; thus  in te rpola t ionwasnecessary  
t o o b t a i n  t h e  s t ab i l i t ymarg in s  of t h i s  opera t ing  s t a t e  
f o r  s e v e r a l  d i s t r i b u t i o n s  of t he  same t o t a l  r e s i s t ance .  
It t r an sp i r ed  t h a t ,  f o r  a l l  o f t h e a v a i l a b l e  t rans-  
f e r  func t ions ,  the  frequency with t he  smal les t  s t a b i l -  
i t s  margin was between 28 and 35 Hz. This  agrees wel l  
with our observat ions.  Another f e a t u r e  of t he  phase 
plane p lo t  of T i s  t he  marked va r i a t i on  w i th  t he  
various system impedance combinations. Suppression of 
au to -o sc i l l a t i on  by changes i n  t h e  system parameters 
i s  thus confirmed ana ly t i c a l l y .  
An ana ly s i s  of r o t a t i n g  cav i t a t i on  does n o t e x i s t ,  
t o  our knowledge, a s  ye t .  There a r e  ind ica t ions  i n  t he  
l i t e r a t u r e  (Refs. 1 , 2 ) ,  however, t h a t  r o t a t i n g  cav i ta -  
t i o n  tends t o  occur when t he  inducer i s  l i g h t l y  loaded 
(small angles of a t t a ck ) .  
Conclusions 
Though f u r t h e r  experimental and t h e o r e t i c a l  work 
remains t o  be done, t h e  r e s u l t s  of t he  s t a b i l i t y  anal-  
uses a r e  i n  q u a l i t a t i v e  agreement wi th  theobserva t ions  
of au to-osc i l la t ion .  Indeed, the  f a c t  t h a t  a l i n e a r  
ana lys i s  appears u se fu l  i n  pred ic t ing  t he  onset  of 
l a rge  amplitude non-l inear  l i m i t  cyc le  o s c i l l a t i o n s  i s  
valuable. 
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CAVITATION NUMBER, CT 
FIGURE 1. Cavitation Per formance  of Impeller IV a t  9000 RPM. The operating conditions for which continuous 
amplitude auto-oscillation was observed a r e  indicated by , sporadic by A ; and those f o r  which 
rotating cavitation occurred by . Operating points a t  which dynamic t ransfer  functions for this 
inducer a r e  available a r e  labeled A ,  B, . . . , M. The head coefficient, Y ,  i s  defined by Y = A ~ / + ~ u  " 
where Ap i s  the head r i se  ac ross  the pump. % ' 
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Figure 2. Auto-Oscillation of Impeller V. 
0.02 - 
%\ CAVITATION NUMBER 2 0.018 
I , I , / , I ,  
o 0.02 0.04 0.06 0.08 o.io 
F L O W  C O E F F I C I E N T  , 4 
PUMP 
TRANSFER 
MATRIX 
([I] = UNIT M A T R I X )  i "'
SUCTION L lNE 
UPSTREAM SYSTEM 
IMPEDANCE, I, 
..d w 
p3 "4 
PUMP 
TE I 
DISCHARGE L lNE 
' - AIR BLADDER 
COMPLIANCE. C 
-  
DOWNSTREAM 
SYSTEM 
IMPEDANCE, I, 
FIGURE 3.  Lumped Parameter Model of Hydraulic System for Auto-Oscillation Analysis. 
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FIGURE 4. Phase  P lane  P lo t  of T f o r  the T r a n s f e r  Matr ix  of Impeller IV a t  operat ing point, B ( see  Fig. 1). 
Points  f o r  different f requencies  a r e  shown on the graph. The six different l ines  a r e  fo r  different 
combinations of upst ream and downstream impedance. The se t s  (A,  B, C) and (D, E, F) a r e  for  dif- 
ferent  downstream impedances and increas ing upst ream impedances. 
